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1. Introduction

Modern control and e~ timatton theory have been used success-
Fully to develop a model for human performance in continuous con-

trol tasks [1]. This model , frequently referred to as the

optimal control model of the human operator , has been validated

extensively by experimental data and has been applied to a variety

o~ problems . The model incorporates an “internal model” that is

an exact replica of the system model as part of a Kalman filter

sub-model that represents human information processing. The

concept that the human operator builds an internal model of

his “universe ” (e.g.. , through training) is not uncommon in

psychology. Moreover , the assumption of a perfect internal

model appears to be a satisfactory one in many instances , as

has been demunstrated by the a~ r~ emen t between model predictions

and experimental data.

There are situations , however , in which the assumption of

a perfect model does not appear suitable and important app-

lications which would benefit from allowing for an internal

model that is different from the system model. For example ,

naive or untrained trackers may not have “perfect” models even

for simpler systems. Tracking of targets executing deterministic

but unknown motions requires admitting imperfect internal

models (for the input) for complete generality . When a system

failure occurs there is a change in the system ; until this

change is detected and the failed system identified the

operator ’s model is different than the system model.

1 



In this note, some of the issues and equations involved in

predicting closed-loop man—machine performance for situations in

which the human operators ’ knowledge of the system and/or

environment are imperfect are presented and discussed. Several

examples to demonstrate some of the effects to be expected when

such is the case are then given . Details concerning equation

development may be found in [2].

I
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2.  Equa t ions  for  Deviate  In te rn al  Model

Let the system to be controlled by the human operator

be described by the linear equations

x(t) A x(t) + B u(t) + E w(t) (1)

y(t) c x(t) ÷ D u(t) (2)

where x is an n~ dimensional vector of system state variables ,

u is an flu-dimensional vector of control inputs , y is an fly~
dimensional vector of displayed outputs and w is an ny-dimensional

vector of a zero-mean , gaussian , white nose process with auto-

covariance E{w(t1)w’(t2)} = W ó(t~ —t~ ). We assume w(t) is

stationary so that W is constant for all t. We will also assume

that the matrices in (1) and (2) are constant . Thus , we treat

a time-invariant system. Moreover , we will be concerned here

only with the steady—state solution .

The optimal control model for the human operator has the

structure illustrated in Figure 1. The structure and equations

of Figure 1 have been documented in [1]. The blocks in Figure

1 labeled estimator and predictor model human information

processing. For these processes to be performed “optimally ”

it is necessary to have perfect knowledge of the system {A , B , c ,
D, E}, the driving noise-statistics {w), and the parameters

describing human limi tations {T , ~~~~~~~, Vs,, ~~ }. The control gains ,

L*, model human control—command generation or compensation and

are selected so as to minimize a quadratic cost functional.

To achieve a minimum , i.e., to compute L* , it is necessary to

know A,B and the weighting coefficients (q(°)j) . Thus , there

are three classes of quantities or parameters (system/enviroment ,

own limitations , and cost weightings) that are required to be

known by the human operator if he is to perform optimally

.3
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Figure 1. Structure of the Optimal Control Model
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There are many assumptions that can be made concerning the
human operator ’ s knowledge of the requisite information . At

one extreme , one can assume that all quantities are unknown
(including the dimensions of the various matrices) . At the

other end of the spectrum , one can assume that all quantities
are known and the human performs optimally . This latter assump-

t ion is , of course , the one used in formulating the optimal

control model; for trained operators , it seems closer to the
truth (or, at least it explains the data better) that the

assumption of complete ignorance . Here , for reasons discussed
in [2], we assume the human operator knows the cost functional
weightings and his own limitations of delay , neuromotor-lag

and observation noise . On the other hand , we allow the system

matrices to be unknown (even as to dimension) and the motor—

noise also to be unknown .

To implement the above assumptions , we assume the human
operator ’s internal model to be

~ (t) — A1 
z(t)  + B~, (t) + 

~~ 
w1

(t) (3)

- — Q1 (4)

E(w 1(t1
) w~(t2)} ~~ 

6(t1—t 2
) (5)

where

lo l  Ic’A1 —I — 

I’ p~1. ‘I .4 1’ 2 —I
L°~~J L’~J 1

— I io~1 Ij o l
~~ 

— t _ 1I !~ — I — I (6)
L0 !~1 L° !mJ

where the matrices with “tildes ” indicate internal matrices and

Equations (1) and (2) have been “augmented ” to incorporate the

“neuromotor ” dynamics (see Fig. 1 and [11). The perceived

variables remain unchanged inasmuch as the “true ” y is displayed
to the operator. The ~Iinternal state ” z does not have to be of

the same dimension as x. However , we assume that y and u in the5
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internal model have the same dimensions as the corresponding

vectors of the system .

It is now assumed that the human will perform “optimally ”

for his internal system. These assumptions lead to a set of

coupled delay-differential equations. In the special case , where

= Z and C1~rc1, the following equations describing closed-loop

performance are obtained [2]

j (t) — 
~~~ 

— .~ 2~
) e(t )  + (A

1 
— A

1) x( t — T )

+ w(t — -r ) — K v (t— -t )

j (t) - - 

~~ 
!~
) x(t)  + e~i~ K (7)

(2
~ 

(
~) +

— 
~~~~ 

x
1
(t) — -~L ~ ~ (t) + w(t)

where e(t) is the state estimation error and K is the Kalman

gain for the system described by Equations (3)-(6). Equation

(7) is also a “coupled” set of delay—differential equations.

Note , however, that if A1 = A1 the equation for the error

“decouples” from the state equation and the estimation equation. J
Moreover, the system reduces to a set of ordinary differential

equations. Performance computations are thereby simplified

enormously requiring evaluation of nx x nx matrices only .

This is the case even if W1 ~ W1. Unfortunately , the assumptions

required to achieve this simplification are too stringent for

most considerations.

The delay-differential character of the above equations can

be circumvented by approximating the human ’s delay via a Pad~
approximation . The delay is then considered part of the system

dynamics (except for computation of human describing functions) ;

6
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it is a part that is assumed known to the human operator so

there will be some compensation for the delay . The resulting

closed-loop equations are linear and time invariant. However ,

their stability is not automatically guaranteed as in the case

when all matrices are known to the operator; instead , stability

depends on the particular internal model selected . The necessary

modi f i ca t ions  are g iven in [2]
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3. Examples

Incorrect K~zow ledge of Vehicle Oy~ zrriic~

In order to control a vehicle, the pilot must learn its
basic response characteristics. One can r ead i ly  env i s ion  t h i s
as a two-stage process : 1) the development of an appropriate

structural model for the plant; and 2) the adjustment (or fine

tuning ) of the parameters in that structure . Such a process

is consistent with the notions of system identification

theory . With regard to structure , the problem in a multi-input ,

multi-output plant involves learning the couplings as ~‘e1l as

the basic modes of response . For single-input , si:i ..Je-output

situations a fundamental issue is the order of the plant

dynamics , i.e. , how many integrations are there between control

input and plant output.

Figures 2 and 3 show the predicted describing f unction and
remnant for an operator optimizing his performance based on

different inte— .u1 models of the vehicle dynamics. In each

case , the input disturbance was filtered white noise with a

2 rad/sec bandwidth . In Figure 2 , the true plant dynamics are
K/s , i.e. , the rate-of-change of plant output is proportional

to the control input. Three curves are shown : one in which

the operator has the correct model , one in which the internal

‘a - - ’ is incorrect (the output is proportional to the input)

and one in which the operator has a large pseudomotor noise

[2i . The curve corresponding to having the correct model agrees

quite well with the measured describing functions for this case

[1). Note that the effect of having the wrong internal mod el i s

substantial whereas the effect of high pseudo motor-noise is

slight (a reduction in gain at low frequencies.8
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Figure 3 presents similar results for a more complex plant
which represents the roll—synamics of an aircraft. Results are
shown for the case in which the operator has the correct internal

model and for the cases where the model is a good approximation

to either the low frequency or high frequency plant response.

Frequency characteristics of the three vehicle models are plotted

in Figure 4. Again the results show that we can expect measure-

ments of the pilot ’s describing f u n c t i o n s  to be signif icantly

different if operating with different internal models. In this

case , the remnant is somewhat less revealing .

Model results were also obtained for the case where the

pilot ’s internal model of the aircraft roll dynamics differed

only slightly from the actual dynamics over the entire frequency

range of interest. In this case (not shown) , differences in

the above measurements were not distinguishable from those that

might be due to othe pararneter changes.

On the basis of these preliminary results , we believe

that major structural errors in the operator ’s in t e r n a l  model

of the plant dynamics can be inferred by comparing the measured

describing function and remnant with that predicted , by the 0CM ,

for a trained operator . Moreover , the form of the op~~rator ’s

internal model may also be deduced using the 0CM . Major

parameter errors are also probably discernible. However , the

fine-tuning process of model identification may not be tiistin-

guished readily from other factors such as qenera l noise-

reduction . 

_  J
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.- . - u ’~ii ~~~ ~~~ rnput Characteristics

The K/s example described above was also examined to

see i f  the e f f e c t s  of incorrect  knowledge of the input charac-
teristics would be evident. Figure 5 gives results for the

case in which the operator overestimates the input bandwidth

by a fac tor of 2 .  I t  can be seen tha t these results d i f f e r

sign if icantly from the situation in which the input bandwidth
is know n correct ly only in terms of low frequency gain . If we
refer to Figre 2, we see that  the e f f e c t  is also d i f f e r e nt f rom

that of having an incorrect model of the vehicle dynamics.

!~~t’: r± i
~
aZ Efficiency

A major application of the wrong interral model concept would be

to the study of learning of control strategies. In addition

to learning the plant dynamics , it is believed that s k i l l

development involves learning to use the available cues most

efficiently . We can envision this as a process of proper cue

selection as well as noise reduction . For example , the

progression-regression hypothesis [3) suggests an increasing

utilization of derivative information with learning. It is

therefore of interest to compare the effec ts of inef f icient

cue utilization and an incorrect internal model. Figure 6

compares predicted describing functions and remnant for
optimized performance with and without rate information . The

results are for the roll dynamics described earlier and it is

assumed that the operator has learned the plant dynamics. It

can be seen that failure to utilize rate information has a

distinct impact on the measures of control strategy and

perceptual efficiency . Most of this impact is at high fre-

quencies , as expected . Furthermore , compar ison wi th Figure 3

reveals that lack of rate information produces a decidedly

d ifferent result from that obtained with a low frequency

approximation to the vehicle dynamics . Thus , it should be

13
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possible to differentiate between learning vehicle dynamics and

learning to use the available cues from these measures of operator

performance . -

16
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4. Conclusion

In conclusion , we wish to point out that , while the notion

of a deviate internal model is appealing i n t u i t i v e l y, in the
authors ’ op inion , its use for trained operators even in complex

tasks shou ld be considered with ca ution for  the f o l l o w i ng reasons :
(1) the assumption of a perfect model works quite well for
trained operators performing well defined tasks; (2) the obser-

vation and motor noises included in the optimal cont rol model
already account for some model imperfections; (3) when there

is significant process noise , state prediction and es timation is
difficult and the contribution to performance degradation of

deviate internal models is likely to be reduced significantly;

(4) computational requirements for predicting closed loop

performance may well increase under this assumption; and (5)

most importantly, in order to avoid having to choose among an

infinity of possible internal models , rules for picking a

specific internal model are needed , and , presently, no such

rules exist. On the other hand , the programs developed here

and the insights provided by the sensitivity analyses should

prove very useful in studying and analyzing the pe rformance

of untrained operators.

17 
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l K—ck Isl and , l i l i n o iS  1201
l ) i v i s L , ’ f l

R,.iflt IC , , , (; (iforn ia 221 1 ’. 
Conon.lndcr
ITS Army Electron ics Co,meand

II( 1 A t tn :  DRSEI. .PA’ RII , Mr. Baron
K-.me Air Development renter 

i port llonn,00tIl , MCIII J c r ’c v  0770 )
A ttn: TILD
(;r Lf ti ss Air Force Base 

Lib rary
4cc’ V ,’rk 13440 I’S Army War College

h’ ,,rlisl e Ilarracks
(‘l.Ie f Pennsy lvania 17013
Il man Eng ineerin g Laboratory

Iletacl,neflt 
I D i r e c t or

A L t o :  IIR” III—Ml , ‘-Ir . Miles 
- I’I Army Ra1li~~t ie  (,,sear I,

Ar e’, S’,’.,tcms An ,~~Y’’’ A ct iv ,t ’ ,’ 
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Attn : DRXIIR EB
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No. of cop ies 
No . of Cop ies

Army Re search Institute Field 
Director

Unit 
US Army Human Engineering

At tn : Dr. Robert W. Bauec I 
Labor atory

Ruildi ng 2 4 23 
A Lt n: DRXHE DBD 2

Fort Knox , Kentucky 40121 
Aberde en Proving Ground

Mary land 21005

h)e part mc’ nt 01 I’ran spO rta t i0~’~ 
- Medical L ibrary. B~ ildi nS 148

l .ihi rary 
Naval Submarine Me d ico1 Res ear cl

Ref e rC oe c  and K e S c , l r c h  RranCh , 
Labor atory

TAD-494 . l’ 
Box 900 , Submarine Base New London

1,1111 I ndepende I~i” Avenue SW 
Groton , Connecti cut III, I~~~)

WasI,l fl gtr. fl, D i .  20591 1.
Code 455

US Pos tal Servic e Laboratory 
Office of Naval Research

Attn Mr. 0. ” -  Cnrncig I Washing ton , D.C. 20360

Chief , HF Gro uT
1 1 2 1 1  pa rk Ia~~ Drive 

Dr. Ma rshall 3. Parr

Ihc,i-kvi lle , Mary land 20852 
A ss O cia te  I li reitor , personnel and

Training

Mr. Ed gar N . Iol,nson Code 458

LI S Army Resear c h Inst i t u t e Office of Naval Resear ch

R,,,’m 2 I) , TI,e (,, mnO flwcaI t~ 
Wa~I,inStOn , D.C. 

20360

11,1 1 Id i ng
1320 Wi l son Boul evard 

Comnanda nt

Arlington , Virg inia 22209 1 US Army Artiller y and Missile

School

Federal Av iat ion Administr at ion At tn: USAA3’~ 
Technic a l Library

I i vi l Aer omedic al Ins t i ri l te Library Fort S ill , Oklahoma 73503

AC-IIII. I • P. 0. Soc 25082
04 I,iI, ,’m:i ( i t ’ , ,  Oki aI,oma 11 125 1 A~ I Field Unit

P. 0 . 1(011 6057

I)cpant ment of Operati on s Analys is Fort b l i s s , Texas 79916

Naval Postgraduate School

A t t o :  Pro fessor James K. Ar ima 1 CoiIlSaoder

tiont erey , California 93940 
Fort hi uac l ,uca Supp ort Coni.and ,

US Army

Cosr’ander 
Attn:  Tech Refer ences Divi s ion

USAVSCOM 
Fort Huachuca , Arizona 85613

Att n : DR SAV -~R F ’ , Mr. s. Moreland 1

F. 0. Bc ,x 209 
C~~~ander

S t .  1.” i: i ~~, Mi ’ ,’ ,c,,, ri 6311, 6 A L t o :  Technical Library
WI ,ite Sands Miss i le Range

I c r ,  t ’ r 
NeIi Mexi co 88002

‘iav ,iI ~rsca r ih (.ab,,rator v
A t m : Code ~l 125 j Direct or

( ( .1 - 21) 191) 
IS A  Air  Mobil ity Researc h and

Devel opment Lab oratory

ConasanIling Officer 
Attn : Dr . Richar d S. Dunn

Naval T r a i n i ng  Eq0h p mefl t  Ceoter 
iS-ce ’- Rese O rch (enter

Att o : Tec (,niral Library 1 M o ff e t t  Fie ld , Cali fornia 9.I I I ’:

Orland o , ( r i 2 - , 12111 1 Conr’ander

ki lO A1IILL 
I’S Arm ’, Electronic s Coevnafld

Attn MAnE 2 A ttn: DRSE L VL E

MRIIE , 0~ - Fl, I. Wer r i l k  I Fort Mefl isoutlI . Nec. le rse ’ ,  (1~~~11 I

FIRIIER , “r. 1: . I lato S , J r .  I

Wri gI , t _ P at t e r s o n  A Ir Force Rose I l i rcC t ,,r

Ohio ~~ ‘, I 1  
M i l i ta r y  Psycholog y and

Lead ership

SF Fli gh t Opnami cs ~abor a tory 
I’nited Sta tes M i l i t a r y  Ac ademy

Attn I PCR (CUIC ) 
West p oint , New Y ork I 9qe

AFFDC-FCII , ci Greg peters I

W r i gh t _ Pa t te r son  A i r  For ce Ras e 
ooe nand er

Oh io 4 5 433  
Wa te re l i e t  Arsen al
Attfl : SW~ 4V-Rur
(da t e rv l ’ ”  , New Y or k 12 1149

c,,nr,ao,Ier
Fr .ink l’r ’I Arsena l

(I,,ildiflf 5 1-2)
A t tn: Li brary ((2 cc

Picila d el p l 10 , pe~~m ’ - ’ ,’1~~-eo( a I’ll )
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US Army Infa ntry School Library
81(1 Field Unit Infan try Hal l
Attn: Libr ary Fort Benning , GeOrg ia 31905
Fort Knox , Kentuc ky 4012 1

Proj ect Manager
Coimsander Of f i ce  of the Proj ect Manager
(iS Army Tank_Automotiv e CoulEsarid for Tra ining Devic es
Attn: DRSTA -RHFL . Research

I - Atm : DRCPI4-TND , Dr. R .E. Odom
Library Fort Senning , Georg ia 31,905

Warren , Mis s iss i ppi 480 90

Defens e Document ation Center
Coimsander
US Army Tank _Automotiv e Comrand Caneron Station

12
1 Alexandr ia , Virg inia 2231.4

Attn: DRSTA ~R
Tiarren , Missis si ppi 48090 Coemnander

US Army Materi e l and Read iness
Direct or of  Graduat e St udies Coetnafld
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At tn c  Ilel ,av iora l Sciences DRCDL

Represen tative 5001 Eisenhower Avenue
(IS Army Coemand and General Alexa nd ri a , Virg inia 22333

Stall Coll ege
Fort LeavenWO rtlI , Kansas 66027 Bolt Beranek and Newman Inc. 

2
Attn: Dr. 5. Baron

ITS Army Agency for Aviati on Dr . o. gleinmai
Sai ety 

1 Dr. J. Ba liser
Attn: Lib rarian 50 Moulto n Street
Fort Rocker , Alab ama 36360 Cambridg e , Mary land 02 138

IChief DRX HE-I~~, Mr. C’haikifl
Army Research institute

Ip. 0. Box 476 DRCPM-HFE
E,,rt Rnc kcr , Alabama 36 160 1 

—811
-MPE

Co,re,30der L0E
US Army Aeromedic al Research

Laborato ry -RE
P. 0 . (ox 511 -HEL-T
stt n: Dr. Kent Kimball I 

10EILibrary .~~~
Fort Suck er , Alabama 36360

DRSMI-LP . Mr. Voi gt
US Army Natick Research and -w

Developm ent Co,msand

SEE n: Tee(, Library (t )RX NM STL) I 
DKb*u -x , Dr. McDani el

Not ick , Mosx aC(, i , SCtt S 1(111,0 
-1, Dr. Kob ler
—II

US Army Naticl. Researcl, and -~~
Developme nt i;oue’aod

Be(,avio ral , Sciences Division 
-~~~

At tf l :  DRXNM- PRII 1 .10
DRX NM-pRBE -TOG

Nat ick , Nas aac (,, is Ott S 1)1760 -TOD
-TOP

ITS Are.y Med ica l Sioeng inoerin g -TUK
Res e ar e l ,  and flevel npmi-’flt
Lah o r,,torv -TON

I- ’ ,’ r L I tcctr irk , I(,,i Idin g 568 —T (~t ri- i ler ic k , Mary land 217 01 1 .TIM Mr. Dickson
-If
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